We report the discovery of a new type of unconventional noncentrosymmetric superconductor, Zr 3 Ir with T c = 2.2 K, investigated mostly via muon-spin rotation/relaxation (µSR) techniques. Its bulk superconductivity was characterized using magnetic susceptibility, electrical resistivity, and heat capacity measurements. The low-temperature superfluid density, determined via transverse-field µSR and electronic specific heat, suggests a fully-gapped superconducting state. The spontaneous magnetic fields, revealed by zero-field µSR below T c , indicate the breaking of time-reversal symmetry in Zr 3 Ir and, hence, the unconventional nature of its superconductivity. Our results suggest that Zr 3 Ir belongs to a new class of materials, suitable for studying the interplay of gauge-, spatial-inversion-, and time-reversal symmetries.
In general, the breaking of time-reversal and spatialinversion symmetries are not necessarily correlated, i.e., a lack of inversion symmetry does not imply a breaking of TRS. Indeed, many NCSC materials, such as Mo 3 Al 2 C [22] , LaT Si 3 [23] [24] [25] , or Mg 10 Ir 19 B 16 [26] , do not exhibit spontaneous magnetic fields and, hence, TRS is believed to be preserved in their superconducting state. On the other hand, enhanced electron-electron interactions and unconventional pairing mechanisms due to ASOC are considered to be the most likely causes of TRS breaking in NCSCs. For instance, the TRS breaking observed in LaNiC 2 [7, 27, 28] is proposed to originate from nonunitary triplet pairing. Generally, nonunitary refers to different pairing states for electrons belonging to spin-up and spin-down Fermi surfaces. In the particular case of nonunitary triplets, a nodeless multigap superconductivity is also expected. As for the role of electron-electron interactions, recent studies on La 7 T 3 have shown that these might drive its nodeless superconductivity and justify the observed TRS-breaking state [8, 14] .
Despite numerous examples of NCSCs, to date only a few of them are known to break also TRS in their superconducting state. The causes of such a selective TRS breaking remain largely unknown. Therefore, the availability of new NCSC compounds with a broken TRS, such as Zr 3 Ir reported here, would help our understanding of the interplay between the different types of symmetry. Although the structure of the Zr 3 Ir binary alloy is known since long time [29] , its physical properties have never been studied. In this Letter, we report on systematic studies of Zr 3 Ir by means of magnetization, transport, thermodynamic, and muon-spin relaxation (µSR) measurements. The key observation of spontaneous magnetic fields, revealed by zero-field (ZF) µSR, indicates that Zr 3 Ir represents a new member of the NCSC class, that can serve as a testbench for current theories of TRS breaking and unconventional superconductivity in NCSCs.
Polycrystalline Zr 3 Ir samples were prepared by arc melting Zr and Ir metals in a water-cooled copper hearth under high-purity argon atmosphere. The as-cast ingots were then annealed at 600
• C over two weeks. The crystal structure and the sample purity were checked by means of roomtemperature x-ray powder diffraction by using a Bruker D8 diffractometer. Zr 3 Ir crystallizes in a tetragonal α-V 3 Stype noncentrosymmetric structure with space group I 42m (121) [30] . The magnetic susceptibility, electrical resistivity, and specific heat measurements were performed on a 7-T Quantum Design Magnetic Property Measurement System equipped with a 3 He refrigerator and on a 14-T Physical Property Measurement System equipped with a dilution refrigerator (DR). The µSR measurements were carried out on the GPS and LTF spectrometers of the πM3 beam line at the Paul Scherrer Institut(PSI), Villigen, Switzerland.
The temperature dependence of the magnetic susceptibility was studied using both FC-and ZFC-protocols in an applied field of 1 mT. The splitting of the two curves, shown in Fig. 1(a) , is typical of type-II superconductors. The ZFC susceptibility indicates the onset superconductivity at 2.7 K, consistent with electrical resistivity data [30] . To determine µ 0 H c1 , the field-dependent magnetization M (H) was measured at various temperatures from 0.6 K up to T c , as shown in the inset of Fig. 1(b) . The estimated µ 0 H c1 values vs. temperature are plotted in Fig. 1(b) . The solid line is a fit to
, which provides a lower critical field of 12.7(1) mT and a bulk T c of 2.3 K, respectively. The bulk superconductivity of Zr 3 Ir was further confirmed by specific-heat measurements [30] .
To explore the nature of Zr 3 Ir superconductivity at a microscopic level, we resort to transverse field (TF) µSR measurements. Here, a FC-protocol is used to induce a flux-line lattice (FLL) in the mixed superconducting state, successively probed via TF-µSR. The optimal field value for such experiments was determined via preliminary fielddependent µSR measurements at 1.5 K [30] . Figure 2 (a) shows typical TF-µSR spectra, collected above and below T c in an applied field of 30 mT. The time dependence of muonspin asymmetry is described by:
Here A s and A bg are the sample and background asymmetries, with the latter not undergoing any depolarization. γ µ /2π = 135.53 MHz/T is the muon gyromagnetic ratio, B s and B bg are the local fields sensed by implanted muons in the sample and the sample holder, φ is a shared initial phase, and σ is a Gaussian relaxation rate, related to the field-distribution inside the sample. The large σ below T c reflects the inhomogeneous field distribution due to the FLL. In the superconducting state, the Gaussian relaxation rate includes contributions from both the FLL (σ FLL ) and a smaller, temperature-independent relaxation, due to nuclear moments (σ n ). The FLL-related relaxation can be ex- tracted by subtracting the nuclear contribution in quadrature, i.e., σ FLL = σ 2 − σ 2 n . Since σ FLL is directly related to the magnetic penetration depth and the superfluid density (σ FLL ∝ 1/λ 2 ), the superconducting gap value and its symmetry can be determined from the measured relaxation rate.
Since the upper critical field µH c2 of Zr 3 Ir is relatively modest (0.62 T) [30] , to extract the effective penetration depth λ eff from the measured σ FLL we had to use the expression [31, 32] σ FLL (h) = 0.172
valid for intermediate values of the reduced magnetic field, h = H appl /H c2 , with H appl = 30 mT in our case. In a polycrystalline sample, the effective penetration depth λ eff is usually determined by the shortest penetration depth λ ab , the two being related via λ eff = 3 1/4 λ ab [33] . Figure 2 (b) shows the normalized superfluid density (ρ sc ∝ 1/λ 2 ab ) versus the reduced temperature T /T c for Zr 3 Ir. The data collected on GPS and LTF spectrometers are highly consistent. For T < 0.3 T c , the superfluid density is nearly temperature independent, indicating the absence of energy excitations and, hence, a fully-gapped superconductivity. The temperature-dependent superfluid density was further analyzed by an s-wave model with a single superconducting gap, which provides ∆(0) = 0.30(1) meV and λ ab (0) = 221(2) nm. Such gap value yields 2∆/k B T c = 3.24(4), comparable with the BCS value of 3.53. This indicates a weak electron-phonon coupling in Zr 3 Ir, consistent with the electron-phonon coupling constant estimated from specific-heat measurements [30] .
The zero-field specific-heat data were further analyzed to get more insight into the superconducting properties. After subtracting the phonon contribution (β T 2 -term) from the experimental data, the derived electronic specific heat C e /T divided by γ n is presented in Fig. 2(c) versus the reduced temperature T /T c . The solid-line through the zero-field data represents a fit with γ n = 19 mJ mol −1 K −2 and a single isotropic gap, ∆(0) = 0.32(1) meV. Both zero-field specificheat and TF-µSR results are thus fully compatible with an s-wave superconductivity model. Finally, the specific-heat jump at T c was found to be ∆C/γT c ∼ 1.32, i.e., comparable with the BCS value of 1.43, again indicating a weak electron-phonon coupling in Zr 3 Ir.
ZF-µSR measurements were used to establish the onset of TRS breaking in the superconducting phase through its key signature, the appearance of spontaneous magnetic fields below T c . The large muon gyromagnetic ratio, combined with the availability of 100% spin-polarized muon beams, make ZF-µSR a very suitable technique to detect weak spontaneous fields, down to ∼ 0.01 mT [34] . In the absence of external fields, the ZF muon-spin relaxation rate is not expected to change while entering the superconducting phase. However, in case of broken TRS, the accompanying onset of spontaneous currents gives rise to weak internal fields, causing an increase in the ZF muon-spin relaxation rate. Given the tiny size of such effects, one should compare the ZF relaxation rates above T c with those deep inside the superconducting phase. Representative ZF-µSR spectra, shown in Fig. 3(a) , indicate a clear change in the muon-spin relaxation between 3 K and 0.02 K. Also, no visible muon precession could be detected, hence ruling out any magnetically ordered phases. For nonmagnetic materials, in the absence of applied fields, the depolarization of muon spins is mainly determined by the randomly oriented nuclear moments. This behavior is normally described by a Gaussian Kubo-Toyabe relaxation function [35, 36] , as in the case of Re-based NCSC [9] [10] [11] [12] [13] . However, in the Zr 3 Ir case, the depolarization is more consistent with a Lorentzian decay function. The attemps of using combined Gaussian and Lorentzian Kubo-Toyabe function as used in Ref. 9 lead zero value of Gaussian decay. This suggests that the fields sensed by the implanted muons arise from diluted nuclear moments. The solid lines in Fig. 3 (a) are fits to a simple Lorentzian function:
Here A s and A bg are the same as in the TF-µSR case. The 2/3-relaxing and 1/3-nonrelaxing components of the asymmetry originate from the powder average of the internal fields with respect to the initial muon-spin orientation in polycrystalline samples. The derived muon-spin relaxation rate Λ vs. temperature is summarized in Fig. 3(b) . The relative change of the relaxation rate in Zr 3 Ir is comparable to that in other NCSCs [7] [8] [9] [10] [11] [12] [13] [14] , with Λ(T ) showing a distinct increase below the onset of superconductivity, while being almost temperature independent above T c . Such increase of Λ(T ) below T c was also found in other compounds, e.g., La 7 Ir 3 , LaNiC 2 , and SrRuO 3 [3, 7, 8] , where it reflects the onset of spontaneous magnetic fields. This provides unambiguous evidence that TRS is also broken in the superconducting state of Zr 3 Ir. Note that the small magnitude of Λ(T ) in the Zr 3 Ir case is due to its small nuclear magnetic moments. As a comparison, in La 7 Ir 3 [8] , the average nuclear moment is around 2.32 µ N , twice larger than 1.13 µ N of Zr 3 Ir, hence implying a Λ value which is also twice larger in the La 7 Ir 3 case. To rule out the possibility of extrinsic effects related to a defect/impurity induced relaxation at low temperatures, we also carried out auxiliary longitudinal-field µSR measurements at base temperature (0.02 K). As shown in Fig. 3(a) , a small field of 10 mT is sufficient to lock the muon spins and, hence, to fully decouple them from the weak spontaneous magnetic fields. This further supports the intrisic nature of TRS breaking in the superconducting state of Zr 3 Ir.
To date, the TRS breaking has been shown to occur in three structurally different NCSCs. These include the CeNiC 2 -type LaNiC 2 [7] , the α-Mn-type ReT [9] [10] [11] [12] [13] , and the Th 7 Fe 3 -type La 7 T 3 [8, 14] . With the α-V 3 S-type Zr 3 Ir reported here we bring evidence of a new NCSC class with broken TRS, structurally different from the known ones. However, it should be clear that, while structure might influence the occurrence of TRS breaking in NCSCs, its role is not well known. Thus, not only many NCSCs, e.g., Mo 3 Al 2 C, LaT Si 3 , Mg 10 Ir 19 B 16 , and Re 3 W [22] [23] [24] [25] [26] 37] preserve TRS, but the later two share the same α-Mn-type structure with other TRS-breaking ReT NCSCs. Moreover, the pairing mechanism in NCSC with preserved TRS seems to be dominated by the spin-singlet channel. On the other hand, in some of these NCSC, the changes in muon-spin relaxation between the normal and superconducting states are below the resolution of the µSR technique (0.01 mT).
We discuss now the origin of TRS in unconventional superconductors. In general, a broken TRS does not necessarily imply triplet pairing only. Depending on the pairing mechanisms at play, two possible causes might be at the base of the observed spontaneous fields in the superconducting state. If Cooper pairs have both nonzero spinand orbital moments, the twice (or more) degenerate superconducting phases lead to a spatially inhomogeneous order parameter around impurities, surfaces, or domain walls, in turn creating undampened spontaneous supercurrents in those regions [1, 4, 38] . A typical example of this possibility is given by Sr 2 RuO 4 [3] . On the other hand, if Cooper pairs have only nonzero spin-moments, i.e., form nonunitary spin triplets, a hyperfine field is generated by the nonzero spin-moment at the muon stopping sites. Such case is typified by LaNiC 2 and LaNiGa 2 [6, 7, 28] . Similar to LaNiC 2 , Sr 2 RuO 4 , and La 7 T 3 , in Zr 3 Ir, the spontaneous magnetic fields also appear in the Lorentzian relaxation channel. In contrast to multigapped LaNiC 2 or nodal Sr 2 RuO 4 [3, 7] , both La 7 T 3 and Zr 3 Ir exhibit nodeless superconductivity with a single gap, which can also break the TRS due to the highly-symmetric crystal structure [39] . Although a mixed pairing is allowed in both La 7 T 3 and Zr 3 Ir, due to the same-sign or near-equal magnitude of the order parameter in the two spin-split Fermi surfaces, the paritymixing effects might be difficult to observe or hard to distinguish from those of conventional superconductors [40] . From the above, it seems that the nonunitary spin-triplet pairing is likely cause at the origin of broken TRS in Zr 3 Ir. Yet, to unambigously establish the nonunitary superconductivity of Zr 3 Ir, further theoretical work -including grouptheory analyses -is required.
In conclusion, we have discovered a new structurally different member of the NCSC class, Zr 3 Ir, and investigate it by means of magnetization, transport, thermodynamic, and µSR measurements. Both the zero-field specific-heat data and superfluid density (from TF-µSR) reveal a nodeless superconductivity below T c = 2.2(1) K, well described by an isotropic s-wave model with a single gap. The spontaneous magnetic fields detected by ZF-µSR, which appear below T c and increase with decreasing temperature, provide solid evidence that the superconducting state of Zr 3 Ir breaks the TRS and has an unconventional nature. Considering its different structure from the known NCSC, Zr 3 Ir is expected to stimulate further studies on the interplay among the space-, time-, and gauge symmetries in establishing the peculiar properties of the NCSC materials. 
